SUMMARY Diastolic mitral valve "locking," defined as sustained diastolic closure of the mitral valve after atrial systole, was investigated by simultaneous hemodynamic and echocardiographic recordings during a protocol of programmed pacing in six dogs with surgically induced atrioventricular block. Atrial extrasystoles were introduced at progressively increasing coupling intervals during programmed prolonged pauses in ventricular pacing. As the coupling interval of the atrial extrasystole was increased, both the mitral reopening time (MRT) and the calculated left ventricular volume (LVV) at the end of the MRT increased proportionally. These interrelations could be best expressed by a general logarithmic function of the form y = a + b In (x), where x = the coupling interval of the atrial extrasystole and y = the MRTor the LVV. Correlations between the measured data and the predicted data were excellent (r ¢ 0.95). In each dog, a specific LVV had to be attained to allow a diastolic "locking" of the mitral valve. Atrial standstill and atrial fibrillation were also induced in each dog to study the relative role of atrial systole in locking of the mitral valve. During either atrial standstill or atrial fibrillation, the mitral valve closed transiently, but did not lock, despite the accumulation of a LVV larger than the LVV necessary to lock the valve during sinus rhythm. Thus, diastolic locking of the mitral valve has several determinants, including the presence of active atrial systole and the accumulation of a sufficient intraventricular volume.
THE MECHANISMS of mitral valve closure have been studied, but not completely elucidated. In 1843, Baumgarten' postulated that atrial contraction was an important element in the presystolic closure of the mitral leaflets. Others have shown that the abrupt cessation of rapid forward flow through the mitral valve at the end of atrial systole and the vortex formation or eddy currents behind the mitral leaflets may be important in the initiation of mitral valve closure.`4 Evidence for these hypotheses has been obtained in both experimental and human studies. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] However, Dean6 observed that in the absence of a subsequent, properly timed ventricular systole, the mitral valve, previously closed by atrial systole, tended to reopen and assume a "midstream" position. It was apparent, therefore, that the contribution of atrial systole to mitral valve motion could only initiate a closing motion of the mitral valve, but was insufficient to "lock" the valve in the closed position for the duration of diastole. The mechanisms that sustain diastolic mitral valve "locking" have never been demonstrated. In this study, we correlated echocardiographic and hemodynamic data obtained during various patterns of atrioventricular (AV) pacing in an experimental canine model.
Material and Methods
The study was performed in six healthy mongrel anesthetized with i.v. sodium pentobarbital (30 mg/ kg), intubated and ventilated with room air by a Harvard respirator. The heart was exposed by midsternotomy, and pairs of 0.1-mm-diameter bipolar plunge electrodes that were Teflon-coated except at the tips were placed intramurally in the left atrium and left ventricle for cardiac pacing. AV block was induced by electrocoagulation of the AV node through a right atrial approach. 20 The heart was paced with a customdesigned programmable stimulator (Bloom Associates, S6) as detailed below. The sinus node was mechanically crushed to slow the spontaneous sinus rate. Surface ECG lead L2 as well as left ventricular and left atrial pressures (Millar micromanometer catheters models 350 and PC 370) were recorded continuously throughout each experiment. Both pressure catheters were balanced and calibrated for common baseline and sensitivity. Each catheter was calibrated with a mercury manometer before insertion. Once the catheters were placed in the respective cardiac chambers, both pressures were equilibrated during a diastolic period prolonged by temporary cessation of ventricular pacing. This procedure was repeated throughout the experiment. M-mode echocardiography of the left ventricle was performed with a Smith Kline echocardiograph (model 20A) connected to an Irex multichannel recorder (Continue Trace, model 101). The echocardiographic transducer was attached to a rigid bar fixed to the surgical table.2' The 2.25-MHz M-mode echocardiographic transducer was placed on the right ventricular surface at an angle that enabled visualization of both the lower part of the anterior and posterior mitral valve leaflets as well as the interventricular septum and left ventricular posterior wall.
Experimental Protocol
Electrocardiographic, hemodynamic and echocardiographic data were recorded simultaneously in each dog during the programmed pacing protocol. The heart was paced in an AV-synchronous mode. The left atrium and left ventricle were simultaneously paced with 2-msec pulses at twice diastolic threshold. The basic pacing rate was kept at a cycle length of 450 msec (heart rate approximately 133 beats/min) to allow consistent atrial capture and overdrive suppression of sinus beats. After every sixth AV paced beat, a programmed atrial extrasystole was introduced at progressively increasing coupling intervals of 200-1000 msec in steps of 50 msec. Each atrial extrasystole was followed by a prolonged programmed pause (1.5-2.0 seconds) in the AV pacing. After the programmed atrial extrasystole and throughout the prolonged pause, spontaneous sinus rhythm was allowed to resume. Typically, after a drive of six paced beats at a cycle length of 450 msec, there was a 600-1000-msec pause before resumption of a spontaneous sinus beat.
After these studies, transient atrial fibrillation was created by rapidly stimulating the atria at a cycle length of 70-100 msec. At the same time, the ventricles were paced regularly at a cycle length of 450 msec for six consecutive beats, followed by a prolonged programmed pause (2 seconds). Normal sinus rhythm spontaneously resumed immediately after cessation of rapid atrial pacing. In four dogs, i.v. verapamil was administered in a dose of 0.1 mg/kg. This dose was sufficient to cause transient atrial standstill for approximately 3 minutes, but had no significant effect on ventricular mechanical function or systemic blood pressure.
Definitions and Measurements
The time intervals and ventricular dimensional measurements used in this study are shown in figure 1 . The independent variable in these experiments was the coupling interval (CI) of the atrial extrasystole, measured from S, of the last of the regularly paced atrioventricular beats to S2 of the atrial extrasystole. At each coupling interval, the "mitral reopening time" (MRT) 
Statistical Analysis
For each dog, a logarithmic function, y = a + b ln (x), was derived to model the dependence of mitral valve reopening time (y) on coupling interval (x) (i.e., MRT = a + b1 In CI). A least-squares regression method was used to estimate and test the model parameters. The same method was used to model and test the dependence of left ventricular diameter (as well as the derived LVV) (y) on coupling interval (x) i.e., D = a2 + b2 In CI). Linear functions for MRT, left ventricular diameter and LVV vs coupling interval were also determined for each dog using the function y = a + bx. Correlation coefficients were considered significant at the p < 0.05 level.
Results

Effect of Coupling Interval on Mitral Reopening Time
Mitral valve closure was consistently initiated after the premature atrial systole. However, at short coupling intervals (300-500 msec), the mitral valve reopened shortly after the initial closing motion and assumed a midstream position (MRT = 50 msec; fig.  2A ). Incremental prolongation of the coupling interval of the atrial premature beat resulted in a progressive fig. 2B ). This relationship of MRT and coupling interval was characterized by the general logarithmic function of the form y = a + b In (x). In this case, y = MRT and x = coupling interval ( fig. 3) . In each dog, the predicted values for MRT correlated closely with the actual measurements (r = 0.95-0.98, p < 0.001) ( fig. 3) . Altematively, these r values also represent the regression correlation coefficient of the measured MRT values vs ln (x), where x = the coupling interval. Using the linear function y = a + bx, correlation coefficients were also excellent (r = 0.97-0.99, p < 0.001). Notably, at a critically long coupling interval specific for each dog, the mitral valve locked and did not passively reopen ( fig. 2C) The interrelation between LVV and the MRT was derived from the previously described functions (MRT = a, + b, nCI, D = a2 + b2lnCIandLVV = DI/ 6(0.075D + 0.18) and therefore, by definition, was expected to be linear. The relationship found experimentally was consistent with this expectation and the coefficient of correlation was 0.89-0.98 (p < 0.01) in individual dogs. Increases in LVV resulted in a progressive prolongation in MRT ( fig. 2) . A "critical" ventricular volume, designated the "locking volume" specific for each dog, was required to prevent passive reopening of the mitral valve after the atrial extrasystole, and thus to lock the mitral valve for the remainder of the diastolic pause ( fig. 2C ).
Mitral Valve Mechanics During Atrial Fibrillation and Standstill
To further define the relative roles of atrial systole and LVV in the locking mechanism of the mitral valve, active atrial systole was abolished by simulating atrial fibrillation with rapid atrial pacing and by inducing atrial standstill pharmacologically with verapamil. During either atrial fibrillation or atrial standstill, the mitral valve assumed a diastolic midstream position and remained there throughout the entire pause in ventricular pacing despite a progressive passive increase in LVV (fig. 4) . Even though the calculated end-diastolic LVV during atrial standstill was markedly larger than the locking volume during sinus rhythm (51 vs 41 ml, figs. 2C and 4), locking of the mital valve did not occur when atrial systole was absent. In each dog, the calculated LVV at the end of the prolonged diastolic pause during atrial fibrillation or atrial standstill was equal to or greater than the critical volume that had successfully locked the mitral valve during sinus rhythm. However, in the absence of an effective atrial systole, diastolic mitral valve locking did not occur and no pressure gradient developed across the mitral valve ( fig. 4) Yellin et al.,9 based on their comprehensive study of mitral valve motion, proposed a unifying theory combining flow, pressure and mechanical elements in the closing mechanism of the mitral valve. In the present study, we attempted to study the mechanism of mitral valve locking, which is different from closure. In 1916, Dean6 noted that under various conditions, the mitral valve may reopen shortly after the cessation of atrial systole. Thus, although atrial systole was responsible for the initial motion of the mitral valve, additional factors appeared necessary to lock the mitral valve in the closed position for the duration of diastole.
In our experimental design, the ability to program the coupling interval of atrial extrasystoles as well as the duration of the pause in ventricular activity enabled us to isolate the effect of atrial systole on mitral valve motion and to determine the relative importance of intraventricular volume to locking of the mitral valve. In addition, the combined use of echocardiographic and hemodynamic methods under controlled experimental conditions has made mathematical definitions of these phenomena possible. (fig. 4) .
The relationships between coupling intervals, MRT, and LVV were remarkably consistent in each dog ( fig.  3) . However, the minor but progressive increase in left ventricular diastolic pressure, even during periods of 1 and 2) , and variability between dogs suggest that additional factors may play a role in the locking mechanism of the mitral valve. These factors include respiratory influences on ventricular filling as well as various autonomic and neurohumoral factors that may affect myocardial contractility or relaxation and atrial contractility.'0
Clinical Implications The occurrence of a ventricular systole when the mitral valve is not locked may result in reflux of blood into the atrium. '3 15, 17 The volume of the regurgitant fraction depends on the extent of mitral leaflet opening and the amount of blood entrapped in the AV funnel when ventricular systole occurs. In any clinical situation in which one of the described mitral valve locking conditions is absent or only incompletely satisfied, the mitral valve may reopen during diastole, and mitral regurgitation may follow during the subsequent ventricular systole. This is especially true in the presence of atrial fibrillation and AV dissociation. During atrial fibrillation with relatively slow ventricular rates, the mitral valves reopens after the rapid-filling phase and subsequently, because of loss of active atrial contraction, does not lock during the remainder of the diastolic pause, thereby creating the conditions necessary for mitral regurgitation. The occurrence of mitral regurgitation during atrial fibrillation has been demonstrated by other investigators. ", 17 During AV dissociation, the asynchrony of atrial and ventricular contraction may lead intermittently to inadequate ventricular filling, resulting in the failure of the mitral valve to lock, and thereby lead to mitral regurgitation. The ability to initiate closure, but not to lock the mitral valve in the closed position for the duration of diastole, may further explain some of the deleterious hemodynamic consequences of rhythms characterized by AV dissociation, including ventricular premature complexes and ventricular tachyarrhythmias, as well as complete AV block. In addition, this phenomenon may also occur in patients in whom ventricular rather than AV pacemakers are implanted and may further contribute to the socalled pacemaker syndrome.
